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ABSTRACT 

For some years, the use of a confined, vortex flow has been proposed 
as one possible method of achieving nuclear fuel containinent in the 
so-called gaseous-core ( or cavity) nuclear reactor. It is recognized that 
fluid dynamic considerations may impose severe restrictions on a reactor 
of this type, as conceived for use in a nuclear propulsion scheme. One 
factor that may limit the potential capability of the vortex for fuel con- 
tainment and separation is the length-to-diameter ratio ( aspect ratio ) 
of the vortex tube. This report deals with some of the effects on a con- 
fined, vortex flow produced by varying the aspect ratio. Investigation 
of a vortex flow of water within a right, circular cylinder, having a 
single, circular exit-hole centrally located in one end wall was accom- 
plished primarily by means of static pressure measurements made on 
the closed end-wall. This vortex tube had a fixed diameter D, but a 
variable length I,, such that aspect ratio variations in the range 
0 < L / D  < 12 were obtainable. Experiments were conducted in the 
radial Reynolds number range 40 < Re,  < 1100, using several exit- 
hole diameters of different size. Radial distributions of static pressure 
measured at the closed end-wall are presented for a variety of condi- 
tions in such a way as to bring out the effects of L I D  while holding 
other parameters fixed. Tangential velocity distributions and angular 
momentum distributions were obtained by  graphical differentiation of 
the static pressure distributions. Typical values of the jet recovery 
factor, the tangential Reynolds number, and the cylindrical-wall skin 
friction coefficient were inferred from pressure data. Because of the 
limited accuracy of the data, it was possible to establish only trends, 
but they are sufficiently well-determined as to show clearly the impor- 
tance of aspect ratio on vortex flows of this type. One significant effect 
produced by an increasing L / D  is a corresponding reduction in the 
size of the vortex core. It appears that increases in aspect ratio to 
increasingly larger values would have the adverse effect of producing 
vortexes of decreasing strength, if the pressure at the cylindrical wall 
were held fixed. This possibility would impose severe restrictions on 
performance of multiple vortex-tube gas-core reactors that rely on 
diff usion-controlled nuclear-fuel containment and require vortex flows 
of high strength. 

VI 
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1. INTRODUCTION 

hlany practical and potential applications of swirling, 
rotating and vortex-like flows have, in recent years, 
stimulated research in a classical field once largely of 
academic interest. Such diverse applications as mass and 
energy separation, flow and heat transfer in various 
types of industrial and laboratory equipment, propulsion, 
flow dynamics of aircraft, and studies of various natural 
phenomena of interest to meteorologists, geophysicists, 
and astronomers are broadly discussed (Refs. 1-3). In 
the last six years, vortex flows have found application 
in nuclear propulsion (Refs. 4-6), magnetohydrodynamic 
power generation (Refs. 7, 8), and electric arc stabiliza- 
tion (Refs. 9, 10). 

Interest in the gaseous-core reactor as an element of 
a nuclear propulsion scheme was the motivation for re- 
search in vortex flows at the Jet Propulsion Laboratory. 
Subsequently, all experimental research was of a fluid 
mechanics nature (Refs. 11, 12) because it was felt that 
the feasibility of such a propulsion concept would de- 
pend strongly on flow characteristics of the vortex tube. 
Kendall's work (Ref. 11) demonstrated important aspects 
of this type flow, e.g., the strong influence of end-wall 
boundary layers on a confined, vortex flow. Pivirotto 
(Ref. 12) made radial-distribution measurements of rela- 
tive species concentration in a binary gaseous vortex. 
Pivirotto's work is of great importance, as it has bearing 
on the separation capabilities of a vortex flow, a feature 
of direct consequence to the gaseous-core reactor con- 
cept. The diffusion scheme (Ref. 4) indicates high- 
strength vortex flows are required for producing adequate 
retention and separation of nuclear fuel. (High-strength 
could, for example, be characterized by high tangential 
velocity or by large, radial pressure gradient.) Practical 
applications of the diffusion scheme in a propulsion 
device would probably result in an array of many small- 
diameter, slender vortex tubes, rather than a single, 
large cavity of relatively short proportion. Thus, relative 
slenderness (aspect ratio) is one of the many factors that 
could have important effect on the strength of the vortex 
and its intended performance. Partly, this is because 
flow in a vortex tube is highly three-dimensional, rather 
than two-dimensional (as assumed in Ref. 4). 

The experiments reported here, an extension of 
Kendall's water vortex studies, were intended to supple- 
ment the gas vortex work of Pivirotto. A water vortex 
was selected because of the ease and desirability of 
visualizing flow that might retain principal features of a 
gas vortex. The purpose was to investigate, both quali- 

tatively and quantitatively, effects of aspect ratio on flow 
in a confined, jet-driven vortex tube. The effects on 
vortex strength and effects on secondary flow structure 
were of particular interest. Aspect ratio is defined as the 
length-to-diameter ratio ( L / D )  of a vortex tube. Little 
information of L / D  effects on flows of this type appears 
in the literature. This report deals with the quantitative 
aspects of the experimental work: (1) static pressure dis- 
tributions measured at the closed end wall of the vortex 
tube - a simple right, circular cylinder, having an exit- 
hole centrally located in one end-wall for various condi- 
tions of mass rate of flow, aspect ratio, and exit-hole 
diameter, (2 )  tangential velocity distributions determined 
from static pressure distributions, and (3) additional in- 
formation inferred from velocity data, e.g., jet-recovery 
factor, cylindrical wall-friction, and tangential Reynolds 
number. Flow visualization studies, conducted in support 
of quantitative work, were accomplished by observing 
motions of colored dyes injected at discrete locations in 
the vortex tube (Ref. 13). 

Experimental work on swirling flow of water, exclud- 
ing a large body of work in the annular gap between 
rotating cylinders, is well represented (Refs. 13-31). Per- 
haps the most striking single impression on perusing 
these references is the large number of complicated sec- 
ondary flow patterns observed for a wide variety of 
experimental conditions and apparatus. References 18-22, 
26, and 30, discuss observations of water flow with an 
air core present. To the author's knowledge, Refs. 22 and 
21 present the only available detailed data (for rotating 
water flows) obtained by probing the flow; their appli- 
cations are to swirling-pipe flow and vortex-chamber 
flow, respectively. Reference 25 presents an interesting 
method of generating a vortex-like flow without benefit 
of guide-vanes or sinks, and with zero net flow. The 
apparatus and experiment of Ref. 27 is very similar to 
the work reported here. The work presented in Ref. 29 
for a toroidal vortex having no end walls was discon- 
tinued, as the device exhibited no clear advantage over 
the conventional vortex tube (Ref. 30). The vortex tube 
(Ref. 30) is treated in detail here. This tube was con- 
ventional in every way, except that it employed a long exit 
tube attached to the orifice. For this reason, the work 
reported in Refs. 16, 19, 22, 26, and 28 was of interest. 

Since the 1951 paper of Einstein and Li (Ref. 14), 
steady progress has been made in the analytical descrip- 
tion of laminar, incompressible vortex flows (Refs. 16, 
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17, and 32-41). These analyses pertain to both infinite 
and to bounded or confined vortex flows. Closed-form 
solutions for certain two-dimensional vortex flows are 
available (Refs. 14, 34, 37). Although these solutions are 
too restrictive, and not physically realistic, they serve as 
convenient models with which experimental velocity dis- 
tributions may be compared - models certainly better 
than the traditional potential flow type. Reference 37 
gives a closed-form solution for static pressure in the 
annular region exterior to the viscous core region (Ref. 
14). Three-dimensional numerical solutions for certain 
special cases are available (Refs. 32, 33, 35, 36, 38, and 
39). The foregoing solutions all fail because of the arbi- 
trary and restrictive assumptions made concerning 
boundary conditions and/or three-dimensional charac- 
teristics of the flow. In addition, applications to confined 
vortex flows are limited because of negligible attention 
given to end-wall boundary layers and their interactions 
with the primary vortex flow. The most general of all 
solutions to date are incoqJorated in the work of Lewellen 
(Refs. 40, 41). 

Realization of importance of end-wall boundary layer 
interactions in confined vortex flows has stimulated r e  

r 

search on boundary layers generated by rotating flows 
on fixed surfaces (Refs. 42-47). A further step, recently 
taken (Ref. 48), consists of an attempt to analyze the 
interaction problem by combining the work of Refs. 40, 
45. Those results, which are thought to preserve essen- 
tial characteristics observed in real vortex flows, show 
that three-dimensional adjustments in a vortex flow tend 
to occur in such a way as to force two-dimensionality in 
the tangential velocity. These adjustments give rise to 
thin shear regions observed in real vortex flows. 

All laminar vortex solutions seem to contain the radial 
Reynolds number directly or indirectly. There is no clear 
way to specify Re,. because of boundary condition diffi- 
culties and/or the effects of turbulence. Presently, a con- 
troversy exists as to whether the effects of mass flow 
diversion into the end-wall boundary layers or turbulence 
is dominantly responsible for degradation of circulation 
(r = 2 Tz;r) experimentally observed in confined vortex 
flows. Authors of Refs. 5, 48 and 49 favor boundary layer 
effects, whereas authors of Refs. 7 ,  11 and 50 favor 
turbulence effects. A small amount of data taken in a 
liquid cyclone, using polarographic methods (Ref. Sl), 
appears to corroborate certain of the results of Ref. 50. 

II. DESCRIPTION OF APPARATUS AND INSTRUMENTATION 

A schematic view of the vortex tube and its principal 
dimensions is shown in Fig. 1; Fig. 2 is a photograph 
of the assembled vortex apparatus. The vortex tube, 
fabricated from a length of plexiglass pipe, having a 
nominal 4 in. ID, was placed within a long container of 
square cross-section. Container space external to the 
vortex tuhe served as a plenum chamber. Figure 1 illus- 
trates the driving-jet orifices drilled through the wall 
of the vortex tube. Two rows of orifices, located 180 deg 
apart, consisted of individual O.O62S-in.-diameter holes, 
spaced at 0.25-in. intervals along the entire length of 
the tube. Length-to-diameter ratio of the driving-jet 
orifices was approximately 7.6. Water, introduced into 
the plenum chamber at twelve separate locations, entered 
the vortex tube through the orifices (thereby producing 
the driving jets), passed through an exit hole centrally 
located in one end w7all, then discharged to ambient con- 
ditions through an exit tube. This flow system is illustrated 
schematically (Fig. 3). Ordinary laboratory water, with 
two stages of pressure regulation, was used. Weight flow 
rate was measured by three calibrated rotameters (Fig. 3). 

Provision w a s  made to measure the supply water tem- 
perature and the barometric pressure. h4ost of the experi- 
mental work was conducted using a length of flexible 
tubing to convey water from the exit tube to an open 
drain (Fig. 2). Plenum-chamber pressures, up to 50 p i g ,  
were obtained safely in this apparatus. 

The plenum-chamber container was of welded alumi- 
num construction (top, bottom, and ends) and 1-in. thick 
plexiglass (side-wall windows) bolted in place and sealed 
with large O-rings (Fig. 2). The exit hole was located 
in a piston that could be moved to produce changes in 
vortex length, and hence, the aspect ratio. Five exit hole 
sizes were tested; their nominal diameters were %, %i, 

1151i, iG and 1 in. Each orifice had a rounded inlet (Fig. 1) 
of 0.25-in. radius, and each piston was provided with an 
exit tube, having an ID matched to its exit hole, so that 
no internal surface discontinuities occurred. 

Vortex pistons and end walls were machined from 
plexiglass. All exit tubes were made from 6-ft lengths 
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Fig. 1. Schematic arrangement of rl-in.-diam water vortex-tube 

of stainless steel tubing, especially selected for straight- 
ness and surface smoothness. Thus, the minimum num- 
ber of exit-tube pipe diameters was 72, in the case of 
the largest exit hole. Thin sheet metal flow-straighteners, 
“S”-shaped in cross-section and 10 pipe diameters in 
length, were mounted in the downstream end of each 
exit tube. In addition to their use as piston rods, these 
long exit tubes effectively removed swirl from the vortex 
discharge, thus preventing atmospheric air from enter- 
ing the vortex. Air or gas cores generally did occur in 
the vortex tube; however, their presence was traced to 
another source which will be discussed later. With the 
vortex in operation, piston movement was made possible 
by a manually operated screw-and-gear arrangement 
mounted external to the vortex tube and adjacent to the 
exit tube. Aspect ratio settings were made with refer- 
ence to a scale mounted on the test stand. In Fig. 2, the 
closed end-wall of the vortex is in the foreground. The 
exit tube (almost entirely withdrawn from the vortex 
tube), drive screw, and scale are visible in the right 
center background. The black box (center foreground) 
is a portion of light-source apparatus used early in the 
program for flow visualization. 

Various closed end-walls were used depending on 
application. One was fitted with a series of pressure taps 
arranged in a spiral array, instead of along a single 
radius vector, to permit a closer spacing of taps near 
the center of the end wall, but this arrangement pre- 
cluded possibility of detecting departures from axisym- 
metric flow. A rather large pressure-tap diameter (0.030 
in.) was selected to reduce response time in measuring 
static pressure. All pressure taps were connected to a 
single 16-in.-diameter bourdon-tube pressure gage by a 
manually-operated selector valve. Several leak-checks of 
this valve were made over a period of time and opera- 
tion was determined to be satisfactory. The pressure 
gage was the compound type, suitable for making vac- 
uum, as well as positive pressure readings. Other end 
walls included one designed so a small tube could be 
inserted axially into the vortex at its centerline, also a 
plain end-wall for flow visualization purposes. 

The vortex tube was provided with a series of ports 
for static wall-pressure measurement, insertion of probes 
into the flow, and dye injection. Figure 4 illustrates ports 

3 
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Fig. 2. View of assembled vortex apparatus 

designed so that a tube could be passed through the 
walls of the vortex tube and its container. Ports were 
spaced axially at approximately 4-in. intervals along the 
vortex tube, beginning at the closed end-wall. At  a later 
stage of the experimental program, identically matching 
ports were installed on the lower surface of the vortex 
tube, 180 deg opposed to the original set. With this 
arrangement, a small tube, or wire, could be placed 
entirely across a vortex diameter, with support at either 
or both ends, as desired. In Fig. 2, the row of small, 
metal tubes projecting vertically from the top of the 

vortex container represent the described probes. Static 
pressure along the cylindrical wall was measured when 
the sliding probes were withdrawn into the wall of the 
vortex tube. Pressure differences in the axial direction 
were indicated on a manometer bank. Carbon tetra- 
chloride was selected as the manometer fluid-the 
use of oil below water having proved unsatisfactory. 
Static pressure drop across the driving-jet orifices was 
measured in a similar manner (i.e., a manometer was 
connected across a pressure tap in the plenum chamber 
and a vortex wall tap). 

4 
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111. VORTEX APPARATUS OPERATION 

A. Test Regime: Range of Data Acquisition 

The maximum flow rate available to the apparatus 
was approximately 3.5 Ib/sec, or 25 gal/min. Radial dis- 
tributions of static pressure at the closed end-wall were 
taken in the range 5 5 ( p t o  - p u )  2 35 psig. Correspond- 
ing ranges of mass flow rate per unit length (r;Z/L) and 
radial Reynolds number are shown (Fig. 5 )  for the range 
of aspect ratio L / D .  Thus, 40 2 Re, 5 1100 was the test 
range. Values of ( p , ,  - p a ) ,  static pressure at the cylin- 
drical wall of the vortex tube, approaching 35 psig were 
not attainable with the large exit holes at large L / D .  
With several minor exceptions, only data reported for 
even values of L / D  are presented here. 

0.  Water Conditions 

The rather large flow rates used for long periods of 
time ruled out the use of a pressurized-reservoir water 
source. Use of dye in large amounts made application of 
a pump-powered, closed-loop water system undesirable. 
Therefore, the alternative was an open system, using 
laboratory water suitably regulated for pressure ( aver- 
age teinperature approximately 68°F). This system ( Fig. 
3 )  had several disadvantages which are discussed in this 
and some following sections. Water conditions on a day- 
to-day basis were highly variable with respect to inclu- 

of filters was successful only in removing larger-sized 
sion of dirt, gas, and other foreign material. Employment I 
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pai%cles and, of course, did not affect gas in solution. At 
times the water either contained such quantities of dirt, 
or was so highly charged with dissolved gas, that flow 
visualization studies were hampered. Dirt inclusion should 
not affect pressure data unless its percent-by-weight 
becomes too high. In absence of data to the contrary, the 
same hypothesis is offered for gas inclusion. In a some- 
what different, vertically oriented apparatus (Ref. %), 
a large amount of gas released as numerous small bubbles 
markedly affected the flow. However, the buoyancy re- 
leased in that case was normal to the centrifugal field, 
in contrast to the orientation used here. In the present 
experiment, presence of dirt and dissolved gas in large 
amounts was mainly a visualization hindrance, since the 
effect was to limit light penetration, scatter the light, and 
generally limit the detail that could be perceived. On the 
other hand, observation of small dirt particles was some- 
times instructive. 

C. Flow Unsteadiness 

Flow unsteadiness in this apparatus arose from two 
sources: (1) the water supply and ( 2 )  the vortex flow 
itself. Depending on the magnitude, frequency, and dur- 
ation of the flow perturbations, they could be detected 
by changes in pressure or mass flow-rate levels, or by 
observing dye motions. To a degree, the two sources 
mentioned could be identified separately because dis- 
turbances from the water supply affected the vortex flow, 
whereas disturbances arising from the vortex flow were 
often observed when no change in the water supply 
occurred. Disturbances in the water supply were delayed 
sufficiently in arriving at the vortex to determine this 
visually. 

Normal line-pressure available at the test site averaged 
92 psig, with fluctuations of about i 5  psi. First-stage 
regulation at 50 psig was followed by second-stage regu- 
lation operating between 35 and 0 psig. Second-stage 
regulation was effective in maintaining downstream 
pressure fluctuations to within kO.2 psi, often consider- 
ably less. Occasionally, large and rather sudden ex- 
cursions (approx. 20 psi) in line pressure occurred. 
Although these departures were quickly corrected b y  
the pressure regulators, the mass flow rate during these 
non-typical periods changed as much as IO%, producing 
marked changes in the vortex flow. 

Disturbances stemming from the vortex flow were not 
easy to identify as such. They are so labelled only be- 
cause they occurred in no direct relation to line-pressure 
disturbances. Their presence was detected by variations 
in pic  and occasionally by audible vibrations, which took 

I 
1 the form of loud, buzzing sounds. Many of these effects 

could be reproduced on different days by repeating the 
experimental conditions under which they occurred; 
however, not all were reproducible. Generally, the onset 
of buzzing sounds was accompanied by a jump in p, .  of 
1 or 2 psi. Flow visualization on these occasions revealed 
nothing obviously different about the secondary flow 
structure. Vibration was sometimes sufficient to shake 
the entire test stand. 

Another interesting feature of the vortex flow was that 
certain combinations of configuration and flow could not 
be achieved or maintained. Attempts to approach cer- 
tain conditions apparently resulted in instability that 
caused transition from one type of flow to another. For 
example, the vortex would not operate with the nominal 
1-in.-diameter exit hole at L / D  = 1 and p,, - pa = 5 
psig. Approaching p, ,  - p a  = 5 from below resulted in 
a sudden onset of buzzing and an equally sudden jump 
in wall pressure to 7 or 8 psig. A sufficient increase in 
mass flow rate would result in cessation of the buzzing. 
Attempts to approach the 5 psig wall-pressure condition 
from above were equally unsuccessful. This phenomenon 
was reproducible for the example given and for several 
other combinations of run conditions. It is possible that 
annular hydraulic jump in the exit tube was associated 
with such performance. 

D. Air Core Formation 

,4ir or gas core formation in the vortex was found to 
be caused by gas coming out of solution with the water, 
rapid migration to the core, and steady-state discharge 
into the exit tube. This was demonstrated by arranging 
an experiment such that the air core for a given situation 
was continually removed by a vacuum pump connected 
to the center pressure tap in the closed end-wall. A 
moisture trap was placed in the vacuum line. This ar- 
rangement permitted the removal of all but a barely 
visible trace of air core in the vortex. In repeated trials 
all visible air was removed. Closure of a valve in the 
vacuum line immediately produced an air-core renewal. 
Air did not re-enter the vortex from the discharge sys- 
tem; instead, it accumulated first at the closed end-wall, 
forming a new core that grew rapidly in both diameter 
and length. Transient growth of the new air core was 
initially very rapid but then proceeded more slowly, so 
that steady-state was not achieved for several minutes. 
On certain days, apparently when the supply water was 
highly charged with gas, minute gas bubbles were seen 
to form, already far distant from the air core, subse- 
quently to be swept toward the centerline. This process 
began at a relatively distinct radial location, probably in 
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a zone of high shear stress, and gave the appearance of a 
steady-state gray-white cloud. Steady-state appearance, 
however, was due only to a continual formation-depletion 
process. These clouds were very effective in scattering 
incident light. 

In general, air cores formed within the vortex had a 
smooth, glassy surface, much like a small, glass rod 
placed at the vortex centerline, except in the vicinity of 
the closed end-wall. There, the air core terminated in a 
button-shaped tip of larger diameter than itself and the 
surface had a frothy appearance which disappeared sev- 
eral inches from the end wall. The tips of small air 
cores, perhaps up to %-in. diameter, did not appear to 
touch the end wall, except in a fleeting, dancing fashion. 
Air cores of approximately 36-in. diameter, and larger, 
definitely impinged on the end wall, since dry, circular 
spots then appeared at the center of the end wall. End- 
wall pressure taps located within the bounds of the 
gaseous region all gave the same reading, a result partly 
due to the insensitivity of the pressure gage. Small, liquid 
droplets adhering to the end-wall surface within the 
gaseous region were not observed to move radially in- 
ward or outward, but rather to move slowly in closed, 
circular orbits. Thus, it is surmised that the air cores 
were in solid-body rotation. 

Due to the presence of two phases near the vortex 
center, great care was taken in making end-wall pressure 
measurements in that vicinity to ensure that pressure 
leads contained either bubble-free water or droplet-free 
gas. (Transparent pressure leads were installed for this 
purpose.) 

Readings could not be reproduced unless proper pro- 
cedure was followed. The centerline pressure reading, in 
particular, caused some difficulty. The following pro- 
cedure was adopted as the only satisfactory way of 
obtaining repeatable readings. Prior to a reading, the 
pressure lead and gage were carefully purged of gas by 
means of a water flush. Communication with the end- 
wall pressure tap was initiated and the pressure gage 
began to read negatively, or vacuum. The minimum gage 
reading usually occurred at first appearance of small gas 
bubbles entering into the pressure lead. This reading was 
taken as the true steady-state value. Admission of more 
gas bubbles into the line, and subsequent coalescence to 
larger size bubbles, resulted in a pressure rise. Due to 
the smallness and length of the pressure lead (approx. 
0.040 in. ID by 3- to 4-ft long), this particular reading 
consumed a considerable time, varying according to the 
degree of vacuum present. Readings of 8-psi vacuum or 
lower generally required at least 2 min to achieve steady 

state. The technique just described permitted a readi& 
reproducibility of t 0 . 2  psi at worst, perhaps t 0 . 1  psi 
average. Pressure fluctuations in the vortex were not, of 
course, detected on this steady-state, center-pressure 
reading. 

In another way, however, the presence of air cores 
was a decided advantage, as departures from axisym- 
metric flow were readily detected merely by sighting 
down the length of the air core and observing its straight- 
ness. This technique proved very effective and was used 
as standard practice. Skewed air cores were a common 
occurrence and could be produced by a wide variety of 
conditions, and seemed to occur with great regularity 
when using odd, rather than even values of L / D  with 
the nominal ?hi-in.-diameter exit hole. Most of the data 
taken on the second largest exit-hole, of nominal %-in. 
diameter, was taken under similar conditions, therefore 
not reported here. 

Several features of skewed air cores were noted: (1) 
they appeared undular rather than spiral-shaped, taking 
the form of a sine wave of low amplitude but long wave 
length, (2) spatial position was not observed to change 
with rotation of the piston, ( 3 )  spatial position was some- 
times markedly affected by movement of the flexible hose 
attached to the exit tube, (4) off-center movement of the 
terminal tip, immediately adjacent to the end wall, was 
detected; the center pressure reading was no longer the 
lowest, ( 5 )  their total amplitudes, in some cases, exceeded 
0.1 in., (6) they remained stationary, not rotating with 
time, in the sense of a crankshaft. 

E. Injection System 

As illustrated in Fig. 1, the driving-jet orifices were 
not drilled tangentially to the internal vortex surface but 
instead to a circle 0.92 of the vortex tube ID. This arbi- 
trary choice was made in the hope that less momentum 
would be lost in wall shear. Figure 6 shows three types 
of patterns that occurred when dye, injected through a 
single orifice several inches from the closed end-wall, 
was observed through that end wall. When progressing 
from very low to higher mass flow rates, the jet first 
appeared attached to the wall, then detached, then 
straightened, finally impinging on the far surface of the 
wall. Transition from the first to the second type ap- 
peared to be more abrupt than from the second to the 
third type. 

The use of discrete driving jets, of course, gives rise 
to axial variations in injection velocity. That is, a traverse 
in the central plane of the jets in the axial direction of 
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LOW A/L MEDIUM m/L HIGH ni/L 

Fig. 6. Approximate appearance of dye injected through 
a driving-jet orifice, at  various rates of flow 

the vortex tube would reveal an undular velocity pro- 
file: velocity maxima occurring at the jet centerlines and 
velocity minima occurring half-way between the jet 
centerlines. The rate of velocity-ripple decay with dis- 
tance from the jet-orifices (due to mixing and jet- 
spreading) is of interest. Reference 52 contains analytical 
and experimental data from which estimates of approach 
rate toward two-dimensionality may be made. Those 
results, however, apply to rectilinear jets not immediately 
influenced by  external flow or walls. If the jets are 
turbulent, it is possible to compute the ripple decay as 
a function of just two variables: jet spacing ratio (s/d), 
and non-dimensional distance downstream from the ori- 
fice expressed in orifice diameters ( d d ) .  One result is 
shown (Fig. 7) for a jet-spacing ratio of s/d = 4, as 
employed in this vortex apparatus. The ordinate E repre- 
sents the difference between the maximum and minimum 
velocity occurring in the central plane of the jets (i.e., 
the plane containing the centerlines of the jets, nor- 
malized to the maximum velocity). Thus, E represents 
relative ripple. Figure 7 illustrates that approximately 
1% ripple remains 39 orifice diameters downstream of 
the orifice openings. Applied to the vortex tube directly, 
this would correspond to a circumferential distance of 
approximately 2.5 in., or 20% of the peripheral circum- 
ference of the vortex tube. The actual distance could be 
less if reasoned that an applied centrifugal field increases 
the mixing rate, as results (Ref. 53) plainly indicate. 

The effects of injection through discrete holes pro- 
duces azimuthal variations in tangential velocity as well 
as axial variations previously discussed. However, the 
use of slits would not improve this situation. Clearly, an 
increase in the number of rows of jet-orifices or slits 
would tend to decrease circumferential variations: a 
porous wall would be most desirable. Reference 7 con- 
tains experimental data and some theoretical estimates 
of circumferential variations in velocity due to the effect 
of number of rows. Those results show a rather large 
effect: the pressure force term 2p/ae in the tangential 

DISTANCE FROM EXIT-PLANE OF ORIFICES, IJo' 

Fig. 7. Decay of velocity defect for turbulent jets 
issuing from a series of holes in-line, computed 

for s/d  = 4, using Eq. (18) of Ref. 52 

momentum equation was found to be approximately 
70% of the inertial term for one-site injection, UT%% 
for two-site injection, but negligibly small for four-site in- 
jection. 

F.  Instrument and Reading Errors 

Some indication of instrument error has been given in 
previous sections. Additional comments and a summary 
in this connection follow. The accuracy of the bourdon- 
tube pressure gage, as supplied by the manufacturer, 
was kO.%% full-scale reading; individual accuracy of 
the rotameters under ideal conditions was judged to be 
21.0% or, since three were used, a total of *3% full 
scale. These values are irrelevant considering reproduc- 
ibility in the presence of flow unsteadiness. Stated in 
absolute terms, accuracy and reproducibility of mass 
rate of %ow readings and static pressure readings were 
judged to be -to2 lb/sec and k0.2 psi, at worst. Read- 
ings not within these bounds were either not recorded, 
recorded with qualification, or delayed until better con- 
ditions prevailed. 

G. Method of Taking Data 

With a given installation of exit-hole and exit-tube 
size, static pressure surveys at the closed end-wall were 
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taken for integral values of L / D ,  each through a range 
of wall pressure values 5 5 (pl0 - p a )  5 35 psig in 5 psi 
increments. hlass rate of flow and water temperature 
were recorded for each condition. This procedure was 
repeated for each of the five exit-hole sizes employed. 
Photography of dye motions was not undertaken during 
this test period; however, dye motions were often ob- 
served visually, especially when unusual circumstances 
were suspected. 

Internal probing of the flow were initially planned 
but attempts to secure this type of data were abandoned 
for reasons to be discussed later. 

H.  Dimensional Stability of the Vortex Tube 

Inspection of the Plexiglas vortex tube before assembly 
revealed that the actual internal diameter of the finished 

? 

tube was 3.972 kO.001 in., both circumferentially and 
axially. Between 0 < L / D  < 1, as measured from the 
closed end-wall, a taper of 3.935 to 3.972 occurred. After 
several months of intermittent running, the apparatus 
was disassembled and the vortex tube re-inspected. The 
tube was then found to be somewhat barrel-shaped, 
measuring 3.944 kO.001 and 3.975 +0.001 in. at the ends, 
and 3.985 20.003 in. between the ends. It is doubtful 
that such small discrepancies had any large effect on 
the flow, or that they gave rise to unsteadiness in the flow. 
The vortex tube inspection just referred to also revealed 
that overall length of the vortex tube had increased by 
0.090 in. over its original length of approximately 51 in. 
Dimensional changes in the vortex tube are thought to 
be the result of cold flow in the Plexiglas material in- 
duced by the action of fluid pressure; they cannot be 
explained on the basis of thermal expansion or water 
absorption. 

IV. EXPERIMENTAL RESULTS 

A. Introduction 

Certain remarks concerning the nature of the experi- 
ment and treatment of the data are appropriately stated 
as a preface to presentation of data. 

It is emphasized that changes in aspect ratio in this 
apparatus were accomplished by changing its length 
while holding its diameter fixed. This is an important 
distinction because the effects of varying aspect ratio 
are not necessarily, and probably not, independent of 
vortex scale (e.g., a scale based on vortex diameter). 
Data will be presented, where appropriate, in terms of 
L / D  rather than absolute vortex length because L / D  
is more convenient to use and, probably, somewhat 
easier to imagine. Other obvious ways to vary aspect 
ratio would be less convenient and difficult to interpret. 
For example, the diameter of a vortex could be varied 
while holding its length fixed. Such an experiment 
would very likely yield results decidedly different than 
those presented here because the effects of cylindrical- 
wall friction would vary with vortex diameter. Refer- 
ence 54 contains discussion relevant to that problem. At 
present, there are no satisfactory scaling laws for vortex 
flows. 

Because of limited accuracy of data, which is more 
crucial in some instances than in others, the data is 
presented in ways intended to establish trends, rather 
than to portray precision. Outside of necessity, this 
method of presentation is well attuned to the qualita- 
tive nature of flow-visualization. Where possible, com- 
parisons to some of the simple analytical results (Ref. 
55) are given. 

B. Air Core Size 

From experience gained in operating the vortex ap- 
paratus, it was quickly determined that the size or 
diameter of the air core was strongly dependent on 
aspect ratio and exit-hole size, but not greatly affected 
by mass rate of flow. However, in the case of the two 
smallest exit holes (nominally %-in. and %+in. diameter), 
the vortex would not sustain an air core at all if h / L  
fell below approximately 0.55 lb/ft/sec. Air-core diam- 
eters were estimated visually over the range of opera- 
tion. These estimates were too inaccurate to delineate 
pressure or mass rate of flow effects but were adequate 
to show the effects of aspect ratio and exit-hole size. 
Increasing L / D ,  with a given exit-hole size, resulted in 
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a decreasing air-core diameter. Increasing exit-hole size, 
at constant L / D ,  resulted in increasing air-core diam- 
eter. The observed variation of air-core diameter with a 
combined parameter, including both L / D  and de, is 
illustrated (Fig. 8). Despite considerable scatter, the 
data exhibit a recognizable trend. 
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Fig. 8. Approximate observations of air-core diameter 
correlated with exit-hole size and aspect ratio 

The disappearance of the air core, under some condi- 
tions, occurred because the rate of bubble removal in the 
axial direction exceeded the rate of bubble generation 
and migration toward the axis in the radial direction. 
Decrease in air-core diameter with increasing L / D  is in 
general agreement with the observation (to be discussed 
later) that the viscous core of the vortex also tended to 
decrease in diameter with increasing L / D .  The viscous 
core region of a \-ortex is not precisely defined, but it is 
that portion of a real vortex flow which tends to approach 
solid-body rotation. Vortex core shrinkage could be 
viewed as a concentration in vorticity brought about by 
vortex stretching. Another viewpoint might be that an 
increase in circulation near the vortex axis is caused by  
increased radial mass flow rate, thus requiring an accom- 
modation in core diameter. 

In a later experiment, the apparatus was arranged so 
the air core within an exit tube could be observed 
visually. This was done using a nominal 1-inch-diameter 
exit hole and matching exit tube fabricated from plexi- 
glass. Such observations were prompted by a general 
desire to learn more concerning structure and shape of 
an air core in a decaying swirl flow. More particularly, 
the desire was to learn whether the air core remained 
intact throughout the exit tube and, if not, to examine 
the termination of the air core for evidence of unsteadi- 
ness. As stated earlier, the possibility had been consid- 
ered that unsteadiness often observed in the vortex flow 
was related, in some way, to the flow in the exit tube. 
Observations revealed that the air core did not persist 
throughout the exit tube, but terminated within it, at 
a position varying with flow conditions in the vortex. 
Prior to termination, the air core possessed a spirally- 
convoluted, or braided surface, very similar to those 
observed by Binnie (Ref. 28). The overall diameter 
decreased with distance downstream. The terminal end 
was never steady due to a continuous breaking-off of 
air bubbles of random size which then passed down- 
stream. At higher mass rates of flow, this break-off 
process appeared to be extremely violent, resulting in 
significant vibration. However, it was difficult to de- 
termine any correlation between these motions and the 
motion of dye within the vortex. Unfortunately, no pres- 
sure taps were located along this exit tube, therefore it 
is not known whether air-core termination was asso- 
ciated with some form of annular hydraulic jump. 

C. Mass Rate of Flow Measurements 

The mass rate of flow per unit length is plotted (Fig. 
9) as a function of pressure drop across the driving-jet 
orifices. The experimental data cover a wide range of 
variations in aspect ratio and exit-hole size. From this 
data, it can be at once concluded the driving-jets them- 
selves were turbulent [ since h / L  CT (Ap,)””], indicat- 
ing that the flow in the driving-jet orifices was very near 
a state of fully-developed turbulent flow. According to 
Ref. 56, two-dimensional jets remain laminar up to jet 
Reynolds numbers of approximately 30, where the jet 
Reynolds number is based on slit diameter and efflux 
velocity. This value is far below the lowest values 
occurring in these experiments. -4 plot, similar to Fig. 9, 
is given in Ref. 29 for the case of water flow in a 
toroidal vortex. In the latter case, it was determined 
that G / L  CT ( ~ p , ) ~  l ; ~ .  

The variation of rh/L with static pressure at the 
cylindrical wall is shown (Fig. 10) for each of the five 
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Fig. 9. Mass flow rate per unit length h/ l  as a function of pressure drop across the driving-jet orifices 

exit holes. Since the vortex discharged to atmospheric 
pressure through the exit tube, the gage pressure given 
as p , ,  - pa merely represents the overall pressure drop 
across the vortex and exit-tube system. Except for the 
two largest exit holes, the slopes of the lines (Fig. 10) 
are approximately 0.5. This result is not necessarily 
indicative of turbulent flow through the vortex, since 
the same result would be obtained if the flow process 
were merely frictionless accelerated flow through a 
restriction. However, any comparison of a confined vor- 
tex flow to a simple, hydraulic resistance element should 
be made cautiously. For example, this apparatus would 
consist of at least four resistive elements in series: 
(1) the driving-jet orifice friction, (2) cylindrical wall- 
friction, (3) a parallel network of end-wall friction and 
internal fluid friction within the vortex, (4) exit-tube 
friction. Of the four, which are interrelated in complex 
ways, only (1) was well determined in this experiment. 

Deviations or discontinuities in the curves (Fig. 10) 
are evident for the three largest exit holes at low values 

of L/D.  The reasons for these deviations are not known; 
possibly they represent transition from one type of flow 
to another. 

A crossplot shows the effect of L / D  on h / L  for the 
three smallest exit holes (Fig. 11). These curves also 
exhibit departures from straight-line relations that are 
either small discontinuities or, more probably, changes 
of slope. However, the effect of L / D  is indicated in 
wide approximation by m / L  a (L/D)-3'4. The fact that 
&/L increases as L / D  decreases at constant pw indi- 
cates that less total frictional resistance is encountered 
at low L / D  because the total mass rate of flow is 
lower and the fluid path length decreases. Thus, the 
axial pressure drop in some region of the vortex core 
must increase with increasing L / D  to maintain a fixed 
m/L.  In the latter case, an increase in wall pressure is 
also required (Fig. 12). 

An attempt to coalesce the data (Fig. 10) into one 
curve is shown (Fig. 13) for the three smallest exit holes; 
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data for the nominal l%ti-in.-diameter exit hole at 
L / D  = 2 has been omitted from this plot. Data points 
for the two largest exit holes do not fall on the curve, 

but usually lie above it. The abscissa (Fig. 13) is not 
dimensionless but could be rendered so, merely by 
normalizing to some reference pressure. The use of this 
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Fig. 12. Wall static pressure requirements to maintain 
constant mass flow rate per unit length at 

varying aspect ratio 

parameter is somewhat misleading in that the conclu- 
sion might be drawn that & / L  oc (D)-'.''; this would be 
an erroneous conclusion since the effects of D were not 
investigated at all. A clearer statement would read as 
follows: For these three exit holes, it was determined 
that &/IJ  increases directly as ( p , , ~  - p,,)'A2, increases di- 
rectly as the area of the exit hole or d:,  and decreases 
invcrsely as IJ:{ l4 .  

D. Stat ic  Pressure Measurements 

Static pressure was measured at 16 radial stations on 
the closed end-wall and at 4-in. intervals axially (but 
not circumferentially) along the cylindrical wall of the 
vortex tube. Five of the eight end-wall taps in interval 
0.35 5 r/r! ,  < 1.0 were discarded because pressure dif- 
ferences between these taps were normally very small 
and, using a pressiii-e gage, could not be measured with 

d 

precision. Preliminary measurements were obtained over 
a wide variety of test conditions, using the axially- 
distributed set of taps. These measurements (using a 
manometer bank) indicated no significant axial pressure 
gradients existed along the cylindrical wall and were 
discontinued. Pressure at the cylindrical wall for all 
successive tests was measured at axial position L / D  = 1 
from the closed end-wall. Pressure, within or internal to 
the vortex and/or along exit-tube wall, was not meas- 
ured. 

Although end-wall pressure taps w7ere installed as 
closely together as could be managed near the vortex 
centerline, this distribution proved to be too coarse. As 
a result, end-wall static pressure distributions were not 
well determined in interval 0 < r / rIc  < 0.05. This is 
unfortunate because the largest radial pressure gradients 
often occurred in that region. 

The static pressure distributions for three of the five 
exit holes are shown (Figs. 14, 15, and 16) for various 
values of wall pressure p,,  and aspect ratio L/D.  
Changes in p,, are comparable to changes in h / L .  The 
effects of exit-hole size and mass rate of flow are not 
unusual (Ref. 11). In comparison with gas vortex results 
(Ref. l l ) ,  the water vortex has a flatter, broader pressure 
distribution in the annular portion of the vortex, but a 
narrower, steeper distribution in the core region. It is 
seen (Figs. 14, 15, and 16) the principal effect of an 
increase in L / D  is to reduce effective size of the vortex 
core, thereby caiising a steeper pressure distribution in 
that region. Broadly speaking, the effect of an increase 
in L / D  on pressure distribution is similar to the effect 
of reducing exit-hole size with constant L / D .  Flat pres- 
sure distribution observed in the core region, when 
using the largest exit hole (Fig. 16), is due to existence 
of a large air core. The air core, in that case, was prob- 
ably in solid body rotation, producing pressure gradients 
too small to be detected by the pressure gage. 

A comparison of pressure distributions obtained at 
constant p,,, but varying L / D ,  is illustrated (Fig. 17) for 
the three smallest exit holes. Again, an effect of L / D  is 
to decrease core size, but now, with constant pic, cross- 
overs occur in the core region because of center-pressure 
variations, It is difficult to determine what value of L / D  
yields maximum pressure gradient from data presented 
(Fig. 17) because normalized pressure p / p I r  has been 
plotted. The maxiinum radial pressure gradient does not 
appear to have been reached, even at L / D  = 1.3, in any 
of the three cases. 
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Fig. 13. Correlation of mass rate of flow per unit length with static pressure at cylindrical wall, 
exit-hole diameter, and vortex length 

The results shown (Fig. 17) may be compared with 
those of Fig. .5, Ref. 11, which refer to variations of 
0.78 < L / D  < 2.5 at constant p,,. in a gas vortex. The 
two cases differ, in that the gas vortex exhibits an in- 
creasingly depressed pressure distribution as L / D  in- 
creases, whereas the water vortex has distribution levels 
that increase with increasing L/D,  except near the vor- 
tex axis, where crossovers occur. The comparison is poor, 
however, because the L / D  range covered by the two 
experiments is entirely different. A series of pressure 
distributions is shown for various exit-hole sizes at con- 
stant L / D  and approximately constant p , ,  in Fig. 6 of 
Ref. 11. That series of distributions is remarkably similar 
to the set shown for the largest of the three exit holes 
(Fig. 17). 

Another method of presenting and comparing pressure 
distributions is shown again for the three smallest exit 
holes (Fig. 18). In this case, the total mass rate of flow liz 
has been held approximately constant, while L / D  has 
been allowed to vary. Each set of curves shows an 

orderly progression without crossovers. Differences in 
pressure distributions for a given exit hole are not con- 
fined to the core region, but rather span the whole 
radial extent of the vortex. The effect of holding h 
constant while increasing L / D  is to produce vortexes of 
successively lower strength. An analogous theoretical 
case (Ref. 55) for a two-dimensional vortex flow indi- 
cated that the effective radial Reynolds number for 
constant rh first increases sharply, attains a maximum 
value, and then decreases gradually as L / D  increases. 
The experimental case, as judged by the radial gradient 
of pressure, does not appear to follow this trend, insofar 
as yielding an optimum L/D.  The experimental and 
theoretical cases are not directly comparable, however; 
the theoretical model yields information only on the 
effective radial Reynolds number and has not been ex- 
tended to predictions of radial pressure or tangential 
velocity distributions. Variation of p / p , ,  with L / D  is 
shown at several radial stations (Fig. 19). A general rise 
in p / p t c  occurs with increasing L / D  at any radial sta- 
tion. Variations with increasing L / D  are clearly not 
confined to the core region. 
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Fig. 19. Static pressure at various radial stations-variation with aspect ratio at approximately 
constant total mass flow rate 

According to the two-dimensional vortex solution 
(Einstein and Li, Ref. 14), tangential velocity and static 
pressure are functions of radius only (neglecting gravi- 
tational head). The only independent flow parameter is 
the radial Reynolds number, which is directly propor- 
tional to m / L .  Increasing Re, or m / L ,  while holding a 
fixed exit-hole size, results in increasing vortex strength, 
such that peak value of u/u, increases monotonically 
with m / L .  This solution is independent of L / D .  Hence, 
studying effects of varing L / D ,  while holding fixed &/L,  
should give a meaningful comparison between theory and 
experiment. In Ref. 55, the effect of radial mass-flow 
depletion, due to diversion of flow into the end-wall 
boundary layers, has been cast into an effective radial 
Reynolds where Re,,. << Re,. It was subsequently 
shown that Re,, . increased monotonically with LID, 
while holding &/L fixed; further, that R e , , +  Rer as 
L / D  -+ M (i.e., the end-wall boundary layers) became 
progressively less influential as L / D  became increasingly 
large. This two-dimensional model cannot be realistic, 
since axial pressure gradients were entirely neglected; 
however, it is a convenient model easily applied. 

The analogous experimental case for the water vortex 
is presented in Figs. 20 and 21, in which pressure distribu- 

tions for varying L / D ,  with approximately constant m/L,  
are shown for the three smaller exit holes. Comparison 
between Figs. 18 and 20 shows a striking difference. For 
a given exit-hole size, Fig. 20 shows that differences in 
pressure distributions with varying L / D  are largely con- 
fined to the core region when m / L  is constant. This is not 
the case when h is held constant (Fig. 18). Figures 19 and 
21 bring out this contrast even more clearly; moreover, 
the variation of p / p , , ,  with L / D  in the core region, is 
entirely different for the two cases. 

Turning attention again to Fig. 20, it appears that the 
maximum radial pressure gradient increases with increas- 
ing L / D  and has not yet reached an optimum in the inter- 
val 0 < L / D  < 12. If this were true, then u/uW also 
increases with increasing L / D ,  which is in agreement 
with the prediction of Ref. 55. The agreement may be 
fortuitous, but, in any case, it is in trend, not magnitude. 
The experiments, being limited to L / D  5 12, are not a 
very convincing test of the theory. It is not likely that fur- 
ther increases in L / D  would have produced significantly 
greater radial pressure gradients than those obtained. 

Few closed-form solutions for static pressure in vortex 
flows have been developed because of dif6culties involved 
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integrating the radial momentum equation. A solution for 
radial distribution of pressure, corresponding to the two- 
dimensional model of Einstein and Li, is given (Ref. 37) 
for the region external to the vortex core. This solution is 
considerably more complicated than the tangential veloc- 
ity solution, from which it is derived, and its computation 
is cumbersome. 

A more convenient model, with which experimental 
results may be compared, is the combined vortex, intro- 
duced by Rankine many years ago and discussed in 
various textbooks (e.g., Ref. 57). In this model, different 
tangential velocity distributions are assumed in two 
regions, but are matched at some arbitrary reference 
radius r ,  > 0; hence, the name, “combined.” The vortex 
core is taken to be solid-body rotation with u a r, whereas 
the annular region of the vortex r > r ,  is presumed to be 
potential with u a 1/r. A modified version of this model 
with u a U r n ,  n 5 1 for r > r,, is presented in the 
Appendix. Experimental pressure distributions for the 
smallest exit hole have been compared with this modified 
model (Fig. 22), where curves for various values of n 5 1 
are appropriately labeled. Curves have not been drawn 
through experimental points (computed using values of 

rr and o,,, estimated from the plots of tangential velocity 
distribution, presented in the next section). An average 
value of rr for each L / D  was selected to correspond with 
location of peak tangential velocity. Agreement between 
model and experimental points is poor, and becomes 
worse with increasing L/D. It appears that the effective 
values of n, which merely indicate the degree of depart- 
ure from a potential vortex, are very low and that n 
decreases with increasing L/D. I’alues of center pressure 
may still be very low, using a model with a low value of 
n, if rr is very near to the vortex axis. 

Values of pressure-difference ratio 0 = ( p u ,  - p c )  / 
(y.  - p ( )  computed for the smallest exit hole are shown 
(Fig. 23). Point groupings labelled by aspect ratio L/D 
are plotted at the same values of reference radius used in 
Fig. 22. Larger values of 8 indicate that a decreasing 
portion of vortex pressure difference (ptC - p c )  occurs 
in the vortex core, as compared to smaller values of 8. 
For fixed L/D,  8 increases with p,,, or &/L. The trend of 
data with L / D  is not easily explained but may be related 
to presence, or absence, of an air core, as will be dis- 
cussed later. For comparison, 8 curves for the combined 
vortex with various values of exponent n have been 
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included in Fig. 23 (see Appendix). Since experimental 
results for L / D  = 2, 6 would indicate a theoretical n > 1, 
it is obvious this particular technique of determining 
average or effective n applicable to the annular region 
of a real vortex flow would be of dubious value. 

A separate experiment was performed to investigate 
in more detail the effects of L/D and m/L on vortex 
center pressure p, .  Only pic, p ,  and m/L were measured 
in this experiment, using nominal ?&in.-diameter exit 
hole. More attention than usual was given to obtaining 
correct readings of p , .  These results are plotted (Fig. 
24). The parameter ( p10 - p c ) / p ,  is a rough indication 
of vortex “strength,”or circulation outside the core region; 
it is related to value of (c/ulc),,i.ar attained in the vortex. 
Each curve of the family (Fig. 24) has a rather well- 
defined peak which occurs at successively larger values 
of L/D, as p,, or m/L is increased. An optimum L / D  
(i.e., that value for which the lowest p ,  occurs) exists for 
each p,, at least within the L / D  range investigated. 
However, the nature of the tangential velocity data, de- 
rived from the static pressure data, prevents concluding 
that maximum value of c/o, occurs precisely in coinci- 
dence with peak of curves (Fig. 24). It is interesting that 
the lowest center pressure occurs in rough correspondence 
to disappearance of the air core in the vortex. 

The data of Fig. 24 has been plotted differently in 
Fig. 25. In this case normalized vortex pressure difference 
has been plotted vs m / L  for various constant values of 
L/D. A decided change in trend with L/D is apparent 
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Fig. 26. Tangential velocity distributions for 0.498-in.-diarn exit hole 

in viewing these curves and seems definitely related to 
the presence, or absence, of an air core. For 2 5 L / D  5 6 
(air core present), ( p l o  - p c ) / p ,  increases with both 
L / D  and &/L  at a relatively low rate. Curves for L / D  = 7, 
8 appear to represent a transition to a different type of 
flow; in this region the air core is on the verge of 

disappearing. At the higher values L / D  = 10, 12, the 
curves have a much steeper trend; no air core exists in 
most of this region. As pointed out previously, one of 
the more noticeable effects of increasing L/D in the 
water vortex was a reduction in the vortex core diameter, 
an observation also verified by flow visualization. 
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1; 

dr ' 7  
E. Tangent i d  Velocity Det errninations dp= 

p,J*  dp* l 2  

So direct measurements of velocity were made in the 
mater vortex because disturbing effects produced by the 

tangential velocity was determined by graphical differ- 
entiation of radial pressure distributions measured at the 
closed end-wall and computed according to the simplified 
radial momentum equation 

or 

probe were considered too serious to ignore. However, 
= [pz] 

where p for water was taken as 62.4 lb/ft3. Validity of 
this equation is discussed later. Tangential velocity dis- 
tributions for three of the fi\Fe exit holes (Figs. 26, 27 
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and 28) that correspond to the static pressure distribu- 
tions are illustrated (Figs. 14, 15 and 16). Maximum 
tangential velocities of about 50 ft/sec. were achieved. A 
tabulation of data for these tests is given (Table 1). 

Examination of data (Figs. 26, 27 and 28) indicates 
that maximum tangential velocity increases with increas- 
ing p l u  - pa (or h / L ) .  The radial position of on,,, (i.e., 
T.) is generally less than the geometrical exit-hole radius 
re, but tends to approach re as L / D  decreases. It is 
apparent the radial position of u,,,,, is more strongly in- 
fluenced by L / D  than by m/L, an indication L / D  exerts 
a strong effect on vortex core-diameter. This result is 
clearly seen in Fig. 29, in which the radial position of 
u,,,, relative to exit-hole radius, has been plotted as a 
function of L/D.  Each point (Fig. 29) represents an 
average of four values at different h / L .  The brackets 
indicate variation within a point group (Table 1). 

Figures 30 and 31 show the variation of ( v / v ~ ) ~ ~  with 
h / L ,  and normalized vortex pressure difference 
(pic - p c ) / p l r ,  respectively; data for each exit hole has 
been plotted separately, with L / D  as parameter. Al- 
though various curves are not, in some instances, pre- 
cisely defined, trends appear significant. Thus, ( t j / t ~ , , , ) . , , ~ ~ ~ ~  

is found to increase both with & / L  and ( p l U  - p c ) / p w .  
This result, as expected, agrees with theoretical results 
for two-dimensional, viscous vortex flow (e.g., Ref. 14). 
The dependence of (v/u,,.),,,,,., on L / D  is reasonably clear 
on examination (Fig. 30); (u/u,u),,laz increases with L / D  
for a fixed G/L.  Less clear is L / D  dependence (Fig. 31) 
at fixed ( p I u  - p ( . ) / p l C .  Thus, (t~/tj,,),,,,,. does not increase 
uniformly with L / D  in this case. Furthermore, the rela- 
tionship is different for each exit hole. 

Aspect ratio also has an effect on the shape of the 
tangential velocity distributions, especially of small exit 
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Fig. 28. Tangential velocity distributions for 0.998-in.-diam exit hole 
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Table 1. Data corresponding to runs for which tangential velocity distributions were determined 

"By comparison with the  solution of Einstein and Li, Ref. 14. 

holes. For example, Figs. 26 and 27 illustrate a gradual, 
smooth rise in velocity, starting with the effective value 
at the cylindrical wall, ti,,, and proceeding radially in- 
ward for L/D = 2. Progressing to L/D = 6, then to 
L/D = 10, velocity distributions become increasingly 
flattened in a large annular region adjacent to the wall, 
then rising rather steeply as peak value is approached 
near the vortex axis. For higher values of m/L,  the peak 
is approached in two separate jumps (i.e., two sudden 

increases in slope occur; the peaks become sharper and 
narrower). Observation of small foreign particles in the 
water tended to confirm these observations. Radial mo- 
tion of particles in a vortex flow depends on the differ- 
ence between drag and centrifugal force. Drag depends 
on particle velocity relative to the flow, and to particle 
size and shape; centrifugal force depends on particle mass 
and radial acceleration. Particles in the annular portion 
of the vortex generally orbited in a comparatively lazy 
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manner. Those approaching a relatively well-defined 
radial position were observed to accelerate sharply, be- 
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Fig. 29. Variation of position of maximum tangential 
velocity (relative to exit-hole location) 

with aspect ratio 

5 1.0 

fore being flung radially outward due to substantial 
increase in centrifugal force. 

Experimental velocity distributions for vortex flows 
are often compared to two-dimensional models (pro- 
posed in Refs. 14 or 34). These laminar solutions for 
velocity are composed of two parts: one for the core 
region and one for the annular region of the vortex. 
They are matched at an arbitrary reference radius ro 
that defines the outer edge of the core region. For con- 
venience, ro is usually assumed identical to exit-hole 
radius re,  within which sink-flow is presumed to occur. 
Comparisons of experimental data with such a theory 
quickly discloses that (1) ro and re are not the same, and 
(2) apparent or effective radial Reynolds number is far 
smaller than indicated by a value based on mass rate of 
flow through the device. These theories also predict that 
the tangential velocity peak should occur at r = r ,  = ro 
when Re, - 2.5, r r  > ro when Re, < 2.5, and r ,  < r o  
when Re, > 2.5. 

Angular momentum distributions for four tests, pur- 
posely selected because they have approximately the 
same radial Reynolds number, are compared to the 
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L /D  = 2 * I 0.998-in.-diom EXIT HOLE 1 

I .5 2.0 2.5 

MASS FLOW RATE PER UNIT LENGTH m/L Ib/sec/ft 

Fig. 30. Variation of maximum value of tangential velocity ratio with mass flow rate per unit length 
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Einstein and Li solution (Fig. 32). It became necessary 
to select an ro for these test runs and, this was done arbi- 
trarily so that ro conformed to the approximate edge of 
the nearly solid-body region of the vortex (selections for 
r,; Fig. 32). The experimentally determined angular mo- 
mentum distributions do not follow the smooth trend 
(increasing monotonically with r , /To %), but rather, ap- 
pear uneven and erratic. The case shown for L / D  = 10 
is somewhat peculiar in that v ,  T ,  decays with decreasing 
r,, reaches a distinct minimum, and then increases sub- 
stantially with decreasing T* until a decay occurs in the 
core region. Perhaps significant is that the case for 
L / D  = 6 exhibits the same behavior, except to a much 
lesser degree. One explanation for this phenomenon 
might be that surplus angular momentum furnished by 
the end-wall boundary layers on eruption from the end 
walls actually serves to increase angular momentum of 
the vortex within some limited radial region. Such a 
possibility is discussed in Ref. 47. An effective radial 

Reynolds number, approximately 2 < Rer,e < 3, is indi- 
cated by the comparison shown in Fig. 32. 

Another way of comparing theory and experiment, 
thereby determining values of R e ,  e for experimental 
conditions, is to compare only magnitude and position 
of (v/utc)nlar-not the shape of velocity distributions. This 
is done by forcing an agreement of experimentally de- 
termined values of both the magnitude and radial posi- 
tion of with a theoretical solution so that 
values of ro and Rer.e are uniquely determined. When 
using the Einstein and Li solution, this technique re- 
quires either a graphical solution or an iterative pro- 
cedure for each test. Results of applying this technique 
to some experimental data are listed in Table 1 and 
plotted in Figs. 33 and 34. In five of the cases listed 
(Table l), solutions or predictions could not be obtained, 
and these are listed as indeterminate. Individual data 
points are delineated according to exit-hole size and 
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L / D  (Figs. 33 and 34). The trend of data illustrates that 
Rer,e increases as Re, increases (Fig. 33). (Note that the 
trend of each point group is more clearly defined than 
the overall trend.) It is probable that an extended range 
to higher values of Re, than those obtained would have 
indicated a leveling-off of this trend, perhaps even a 
decrease of Re,,e with increasing Re,. Values of To, rela- 
tive to the position of maximum tangential velocity, are 
plotted against Re, (Fig. 34). Again, the trends of point 
groups are more clearly defined than overall trend of 
data. Figure 34 illustrates that the position of maximum 
tangential velocity, which first tends to occur outside 

the vortex core, shifts inside the vortex core with in- 
creasing Re,. For this data, the cross-over occurs in the 
approximate range 200 < Re, < 300. 

F.  Further Estimates of Effective Wall Velocity 

Interest in determining jet recovery factor Q = uw/Vj, 
tangential Reynolds number Ret = puwr,,,/p, and skin 
friction coefficient C f  at the cylindrical wall for many 
individual tests, prompted selection of a technique for 
determining vw,  which was more rapidly and conven- 
iently applied than the graphical differentiation method. 
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This technique was to fit a pressure distribution for 
potential flow through two experimentally determined 
end-wall pressure readings, and to compute uw, which ap- 
pears as a boundary condition in the resulting equation. 
The effective tangential wall-velocity, urn, is presumed 
to occur at the free-stream edge of the cylindrical-wall 
boundary layer. If one of the selected points for the 
curve-fitting is located at the cylindrical wall, then ow 
is calculated according to 

*, = ["iPw - P ) / P ] "  
r&)* - 1 

for potential flow. The second value of p needed to com- 
plete the computation was selected at r/r ,  = 0.506, one 
of the end-wall pressure taps. Actual measured values of 
p at that location were used in each test run, not values 
obtained by fairing pressure distributions through the 
point. Several of the 240 test runs were selected to deter- 
mine how well a potential pressure distribution so derived 
would fit test data. In most cases the fit was judged 
adequate to a radius ratio considerably smaller than 
r/rw - 0.5. Initial jet-velocity (Vj) was computed, using 
measured values of the mass rate of flow and applying 
the continuity equation to the driving-jet orifices. 

Results of applying the procedure just described to 
the test data are shown in Fig. 35, in which a has been 
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Fig. 34. Prediction of core radius (relative to position 
of maximum tangential velocity) a s  obtained 

by forced agreement between experiment 
and the Einstein and Li  solution 

plotted as a function of Re, (points are distinguished only 
by exit-hole size). The method of selecting the faired 
curve through this data (Fig. 35) will be discussed 
presently. The large amount of scatter evident is caused 
by inaccuracies in the measured data, and using meas- 
ured, rather than faired, data for p, at r/rw = 0.506. A 
least-squares fit of all the data appears as the solid line 
in Fig. 36; treatment of the data according to exit-hole 
size appears as the five curves, appropriately labelled. 
Another least-squares treatment, according to L/D, is 
shown (Fig. 37). Although the trends and shapes of the 
curves (Figs. 36, 37) appear roughly the same, differ- 
ences in level are noticeable, particularly at low Re,. The 
up-turn at higher values of Re, may be misleading, since 
the number of data points in that region is not large. 
Theoretically (Ref. 55), one might expect a to increase 
with increasing Re, (and hence Ret) because Cf would 
decrease correspondingly, but not so sharply as the 
curves indicate (Figs. 36, 37). A summary of information 
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Fig. 35. Jet recovery factor as determined by fitting potential pressure distribution in outer region of vortex 

concerning number of test points and standard devia- 
tion of a is contained in Table 2. 

The large amount of scatter in the data makes it diffi- 
cult to determine the significance of L / D  and exit-hole 
size. Examination of the total data (Fig. 35) illustrates 
that most points fall in the region 0.3 < a < 0.6. The 
overall fit to all the data (Fig. 36) more closely resembles 
variations with exit-hole size than variations with L/D.  
Therefore, it was selected in modified form as most 
representative of the data. Modification to the overall 
fit consisted of flattening the curve in the region Re, > 250 
(Fig. 35). This treatment is arbitrary, and no attempt is 
made to justify it on other than intuitive grounds. 

The jet recovery factor a = o,,/Vj is significant as a 
measure of loss of initial momentum driving the vortex 
because of wall shear and, perhaps, jet mixing. A very 
low a thus signifies very high viscous losses due to 
presence of a confining cylindrical wall and poor utiliza- 
tion of available driving momentum. Attempts to im- 
prove vortex performance (e.g., by achieving vortexes of 
significantly greater strength than currently possible) 
must include a study of workable methods for reducing 

2 

wall shear. Attempts along this line are reported in Refs. 
58 and 59. 

It is noteworthy that the method of obtaining ow 
described in this section gave consistently lower values 
than the graphical-differentiation method used in the 
previous section for determining tangential velocity 
distributions. 

G. Estimates of Tangential Reynolds Number and 

Using values of ow determined along the lines de- 
scribed in the previous section, values of Ret can be 
computed directly from its definition. In the present 
case, a more convenient method of computation is 
through use of the relation Ret = (a /+)  Re,, where + 
represents the ratio of driving-jet orifice area (or injection 
area) to total area of the cylindrical wall. For the water 
vortex apparatus of concern here, + = 0.00197 and does 
not vary with L/D.  Accepting the functional relation 
between a and Re, (the average curve, Fig. 35), the re- 
lation between Re, and Re, is easily computed, and the 
solid curve (plotted in Fig. 38) is the result. Included for 

Cylindrical Wall-Friction 
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Fig. 36. Jet recovery factor-least-squares treatment of data with point groupings by exit-hole diameter 

comparison (Fig. 38) are results predicted by the theory 
given in Ref. 55; values of C f ,  required in that theory, 
were obtained from flat-plate results (Ref. 56). Curvature, 
exhibited by the solid curve (Fig. 38) for Re, < 400, is 
due to the fact that the average a curve (adopted from 
Fig. 35) decreases with increasing Re, in that region; 
a result which is not in agreement with the theoretical 
relation between a and Re, (derived in Ref. 55). 

A functional relation between a and C ,  was developed 
(Ref. 55) by application of a simple momentum balance 
applied at the cylindrical wall. Some drawbacks of that 
analysis were presented there and are not repeated here. 
It is also true that C,  must in some way depend on Ret 
and, in the absence of experimental data for skin fric- 
tion on the cylindrical walls of vortex tubes, flat-plate 
results are ordinarily used. Employing the result for a 
(Fig. 35) again, C f  was calculated, using the relations 
given in Ref. 55 and plotted against %Ret (Fig. 39). 
Hence, C, may be taken to be the average skin friction 
coefficient for a flat plate of length 2=rtc. Included (Fig. 
39) are the flat-plate results for skin friction (Ref. 56). 
Although the vortex result (Fig. 39) is inferred from 

crude data, based on a very simple analysis, the result 
is of the correct order. If the rising portion of the vortex 
result is indeed associated with transition from laminar 
to turbulent flow on the cylindrical wall, the inordinate 
scatter (Fig. 35) becomes more understandable. There 
is no reason to believe that a should be strongly i d u -  
enced by either L / D  or exit-hole size, since this would 
imply those parameters would also exert strong local 
influence on the cylindrical-wall boundary layer. It is 
not surprising that the rising portion of the vortex result 
(Fig. 39), if taken to mean transition, occurs at a lower 
Reynolds number than an equivalent flat-plate transi- 
tion. Experimental results (Ref. 60) indicate that early 
transition can be caused by concave surface curvature. 

H. Probe €ffecfs 

Difficulties in probing vortex flows, and some of the 
problems which arise in that connection, are discussed 
in Refs. 61, 62. It is well known that insertion of a probe 
into a rotating flow, especially a confined vortex, modi- 
fies the original flow in several important ways. These 
modifications include changes in total mass rate of flow 
passing through the device and a general rise in static 
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Fig. 37. Jet recovery factor-least squares treatment of data with point groupings by aspect ratio 

I I I I I I 

4 6 102 2 4 6 IO3 

RADIAL REYNOLDS NUMBER BASED ON MASS FLOW RATE Re, 

Fig. 38. Relation between Reynolds numbers, using 
average a, a s  compared to a theoretical result, 

using a calculated with flat plate friction 

pressure in the central, or core region of the vortex. Both 
factors contribute to the degradation of the original 
flow to one that possesses less circulation throughout 
its radial extent. Unfortunately, little quantitative in- 
formation on probe effects in vortex flows exists. One 
experimental technique used (Ref. 62) consists of 
measuring change in reading, registered by a given 
probe, on insertion of a second dummy probe into the 
flow. This method has obvious drawbacks, the most 
important being that change in the flow field, caused by 
insertion of the first probe, cannot be determined in this 
way. In fact, it is the first probe that is responsible for 
most of the change that occurs. Insertion of a second 
probe does not produce an additional effect of compara-' 
ble magnitude. Observations of the end-wall static 
pressure distribution, particularly in the vortex core 
region, show this to be true. 

The construction of small, cantilever-mounted probes 
for vortex investigation presents several difficulties. 
Probes of this type are subject to vibration, especially 
when inserted near or into the core region of a vortex. 
The difficulty is to make a probe small enough to mini- 
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Table 2. Point groupings used in least-squares 
treatment of jet recovery factor data 

I Treatment of data by exit-hole size* 

65 0.1 20 

63 0.122 

55 0.090 

28 0.065 

29 0.055 

240 

I Number of Std. deviation 
data points I I 
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Fig. 39. Comparison of cylindrical-wall friction coeffi- 
cient for vortex tube, as calculated from average 

jet recovery results, with flat plate 
friction results, from Ref. 56 

mize flow disturbances, yet suflkiently robust to with- 
stand flow-induced forces. An additional problem of 
time-response is encountered, which is more serious 
when using liquid, rather than gas, in a vortex. The type 
of probe used by Pivirotto (Ref. 12) consisted of a small, 
hollow tube placed diametrically across the vortex tube 
and held under tension to prevent distortion in shape. 
Such a probe is advantageous because it produces a 
hed disturbance, which varies only slightly with mass 
rate of flow, and is apparently independent of axial 
position. However, experimental data (Ref. 12) show 
that effect of this type probe is strongly dependent on 
its diameter. 

Flow effects produced by probes of the type just 
described were investigated briefly in the water vortex. 
Measurements were made to determine what changes 
in mass rate of flow were required to maintain a fixed 
value of pressure at the cylindrical wall, with fixed L / D ,  
using wires of various diameter stretched across a vortex 
diameter. These results (plotted in Fig. 40) are for wire 
sizes 8 = 0.005,0.018, 0.035 and 0.050-in. diameters. The 
wires were located at L / D  = 2 from the closed end- 
wall, whereas the vortex, itself, was maintained at 
L/D = 5.33. Points corresponding to the smallest probe- 
wire deviate from general trends of the curves for a 
reason not yet established; perhaps that wire was vibrat- 

diom EXIT HOLE 

Fig. 40. Effect of probe diameter on mass flow rate 
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ing excessively, although it did not appear so. Of the 
wires tested, only the largest was clearly observed to 
vibrate, and in that case the vibration was also audible. 

End-wall pressure distributions were not recorded in 
this experiment; therefore, no direct comparison with 
the results (Ref. 12) is possible. However, occasional 
readings of static center-pressure at the closed end-wall 
were noted; in each case, the presence or insertion of a 
wire produced a significant rise in the center pressure 
p , .  In addition, it was determined that insertion of a 
second probe at a different axial location did not pro- 
duce a further change of comparable magnitude. 

Data (Fig. 40) were obtained while flow visualization 
studies were recorded by motion picture photography. 
These visualization studies indicated that presence of 

the probe-wire produces pronounced disruption in core 
flow, greatly retarding axial motion in that region. Other 
observed effects of the probe-wire were to cause an 
increase in the core diameter, to generate counterflows 
not previously present in the vortex, and to greatly retard 
or eliminate axial flows across the plane of the flow in 
the annular region of the vortex. The last effect is prob- 
ably due to the fact that radial in-flow must occur in the 
wake of the wire because of a tangential velocity defect. 
The overall effect produced by a probe may be reasoned 
to be similar to that produced by an end wall, except 
that the latter effect is more pronounced. 

Because of results obtained in studies of probe effects, 
which are reinforced by the results of Ref. 12, at- 
tempts to probe the flow within the water vortex were 
abandoned. 

V. DISCUSSION 

The technique of measuring the vortex center pressure 
( p c )  when an air core was present in the vortex was 
described previously. Interpretation of this measurement, 
and its validity, are important to the present work be- 
cause it had great bearing on the shape and magnitude 
of the radial static pressure distribution, the radial pres- 
sure gradient and, therefore, the tangential velocity in a 
region near the vortex axis. It is the region near the vortex 
axis where extremes of these variables are likely to occur. 
Referring to Figs. 24 and 25, it is not clear whether 
changes in curve slopes were caused by L / D  effects or 
air core effects. However, it is thought that values of p ,  
are representative of the center pressure that would have 
occurred if no air core were present. This remark does 
not apply for cases in which the air core is obviously im- 
pinged on the end wall, e.€., see Fig. 15 (for L / D  = 2 )  
or Fig. 16; in those instances, gas pressure in the core 
was undoubtedly measured. Hence, values presented for 
p ,  are probably not values that actually occurred at the 
vortex axis away from the end wall and within the air 
core. If an air core rotates as a solid body, within a larger 
core of liquid that also rotates as a solid body, then the 
effects of an air core on the surrounding flow should be 
negligible, except for axial effects. Axial effects may be 
important if the presence of an air core serves as a re- 
striction within the exit hole, hence a resistance to flow. 
However, it is suggested that air cores too small to cause 

impingement on the end wall have negligible effect on 
the vortex flow or p ,  measurements, if proper precautions 
are taken in the latter measurements. 

Inmost real vortex flows u << o, so that terms involv- 
ing u in the radial momentum equation are generally 
discarded. Examination of the radial momentum equa- 
tion in cylindrical coordinates indicates that axial varia- 
tions in velocity are unlikely to be significant compared to 
the pressure term and the radial acceleration term. Hence, 
for axisymmetric flow, the radial momentum equation 
reduces to d p / d r  = pu‘/r .  The terms rejected from this 
equation are estimated to be only 1% of those retained 
(Ref. 63) .  Except for axial flow effects, which are rel- 
atively small, there is no mechanism by which an axial 
pressure gradient can be supported across the end-wall 
boundary layers. Hence, the equation d p / d y  = pu2/r  is 
applied to static measurements made at the closed end- 
wall to determine tangential velocity distributions, even 
though the radial component of velocity within the end- 
wall boundary layer is large compared to the tangential 
component. 

No claim has been made that data presented here, 
particularly tangential velocity and parameters related 
to tangential velocity, are of high accuracy. Trends ex- 
hibited by the data are thought to be meaningful because 
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the data appears self-consistent in most cases. Pressure 
measurements in regions of very high, or very low, radial 
pressure gradient must be made to within approximately 
1% accuracy, if tangential velocity is to be determined 
to an accuracy of 10 to 20%. Such was not the case in 
this work. In addition, brief calculation shows that in 
some of the more extreme experimental cases, pressure 
differences, amounting to as much as 15% of the cylin- 
drical wall pressure, existed across a pressure tap in the 
region of highest radial pressure gradient. This fact gives 
some cause for concern as to interpretation of the reading 
produced at these taps, because these readings must rep- 
resent some sort of average value. 

When assessing the effects of L / D  vortex flows, care 
must be taken to delineate which of the other parameters 
was held constant during the tests. Assuming that the 
exit-hole size is held constant, at least three other possi- 
bilities exist: (1) constant p,,, (2) constant &, and (3)  
constant m/L.  In the case of constant wall pressure ( p t G ) ,  
neither m nor m / L  remains constant with varying L/D.  
Intuitively, one might expect that results obtained by 
holding m/L constant with varying L / D  might be the 
simplest to understand and, perhaps, the most mean- 
ingful. Some trends in the data produced at varying L / D  
may appear contradictory if other conditions of the tests 
are not kept in mind. 

VI. SUMMARY AND CONCLUSIONS 

Radial distributions of static pressure, measured at the 
closed end-wall of a nominal 4-in., confined, jet-driven 
water vortex, have been presented for an aspect ratio 
range of 0 < L / D  < 12. These experiments covered an 
approximate radial Reynolds number range of 40 < Re, 
< 1100, with nominal exit-hole diameters varying from 
'5 to 1 in. Tangential velocity distributions, obtained by 
graphical differentiation of the pressure distributions for 
several experimental cases, have been presented to give 
some indication of the effects of exit-hole size and aspect 
ratio. An attempt has been made to determine the effec- 
tive radial Reynolds number (Re , .  the jet-recovery 
factor ( a  = qC/l7j), the tangential Reynolds number 
( R e , ) ,  and an average skin coefficient for the cylindrical 
wall ( C , )  for a limited number of experimental conditions. 

Changes in end-wall pressure distribution, produced 
by increasing L / D  at constant, static wall-pressure and 
fixed exit-hole diameter, tend to resemble those produced 
by decreasing exit-hole diameter at constant L/D.  How- 
ever, pressure-distribution changes, brought about by 
varying L / D ,  were somewhat different, depending on 
whether m, m/L,  or p , ,  had been held constant. In the 
last case, constant P , ~ ,  an optimum L / D  (i.e., yielding 
the lowest pressure at the center of the vortex), was 
found to exist in the range of 0 < L / D  < 12. This was 
not clearly true for constant m and constant m/L,  indi- 
cating that experiments should be extended well beyond 
L / D  = 12 to fully assess effects of aspect ratio. It was 
also found that increases in L / D  were accompanied by 
decreases in the core diameter of the vortex. 

The shape of tangential velocity distributions was also 
found to change as L / D  was increased; distributions be- 
came progressively flattened in the annular region of the 
vortex, with increasingly sharp rises toward maximum 
value. The maximum value of v / q 0  was found to increase 
with both &/L and L / D ;  its radial position also moved 
inward. Effective values of the radial Reynolds number 
were several orders of magnitude less than values com- 
puted from Re, = m/%pL. 

Use of probes in vortex flows of this type should be 
avoided because even very small probes have been found 
to produce significant changes in the original vortex flow. 
Although it may be possible that appearance of new 
secondary flows generated by probes does not necessarily 
mean large changes in tangential velocity or circulation 
distribution, their presence could alter results in some 
applications (e.g., separation studies). 

It is clear that aspect ratio does have significant effects 
on the strength of confined vortex flows and merits further 
experimental investigation to values of L / D  much greater 
than used here, with extension to other fluids-particularly 
gases. It is probable that scale (physical size), not dealt 
with in this work, is equally important because of cylin- 
drical wall friction effects. In the analysis of Ref. 4, a 
nuclear propulsion concept in which several thousand 
vortex tubes are embodied, L / D  values of order 100 are 
employed. It is envisioned such high values of L / D  would 
have adverse effects on performance of the unit due to 
( 1)  markedly insufficient vortex strength (separation and 
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enrichment capabilities), (2) mass flow and/or pressure 
limitations imposed by large axial pressure drop and 
cylindrical wall friction (thrust capability), ( 3 )  nozzle- 

sizing limitations imposed by core shrinkage ( fuel-re- 
tention capability). In addition, flow stability problems, 
such as organ-pipe oscillations, could be present. 

APPENDIX 
Pressure Relations for the Combined Vortex, Incompressible Flow 

If the possible presence of an air core is disregarded, 
pressure relations for the modified combined vortex are 
found by integration of the radial momentum equation 
d p / d r  = pv'/r .  Tangential velocity is assumed to be a 
function of radial coordinate only, u oc l / r n  where n 2 1; 
all axial and circumferential variations are neglected. 
Solutions for the core and annular regions of the com- 
bined vortex (Fig. A-1) are matched at an arbitrary 
reference radius rr, which is the location of maximum 
tangential velocity. Starred quantities denote normaliza- 
tion of these quantities with respect to their value at the 
cylindrical wall. 

1. Annular  region,^, 5 r 5 r w , n  2 1 

Boundary Condition: p = pw at r = Tzu 

Integration yields 

At r = r,, Eq. (A-1)  is merely 

Or, since uwr; = urr; 64-31 

(A-4) 

2. Core Region, 0 5 r 5 r,  , n = - 1 ( n  5 1 in annulus) 

Boundary Condition: p = p ,  at r = T,  

Integration yields 

p = pr  - - PO," (1 - 3.) 
2 (A-5) 

40 

At r = 0, Eq. (A-4) reduces to 

Po:  
pc = pr - 2 

3. Summary of Pressure Relations, q = pc 

Annulus : 

(A-6) 

'2 

('4-7) 

Core: 

0 rr 

rx = rpw 

Fig. A-1. Modified combined vortex 
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where 

The pressure difference ratio 6, which represents the 
ratio of the total pressure difference across the vortex 
in the radial direction to the pressure difference across 
the core, is easily found by combining Eqs. (Ad) and 
(A-6). Thus, 

(A-9) is plotted (Fig. A-2). For a given reference radius 
rr, the portion of total pressure difference occurring in 
the core decreases with decreasing n. When n = 1, 6 4  2 
as rr + 0. The last result is in agreement with that given 
(Ref. 57) for an unbounded vortex, r, = a, with n = 1 
in the annular region rr 5 r 2 a. 
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Fig. A-2. Pressure difference ratio for combined vortex 

NOMENCLATURE 

skin friction coefficient at cylindrical wall, aver- 
age value over circumference of vortex tube 
diameter, general; also diameter of driving-jet 
Orifice 

diameter of vortex tube 
length of vortex tube 
total mass flow rate (throughput) 
exponent in relation urn = constant 
static pressure, absolute 
dynamic pressure, p 2 / 2  
radius, general 
polar coordinates; radial, angular, and axial, re- 
spectively 
radial Reynolds No. based on mass flow rate 

effective radial Reynolds number 
( =k/%pL) 

tangential Reynolds number ( =p u,rw/p) 

spacing distance between driving-jet orifices 
radial and tangential velocity components, re- 
spectively 
injection or driving-jet velocity 
distance from driving-jet orifice, rectilinear case 
jet recovery factor (=u,/Vj)  

probe diameter 
factor representing relative ripple in axial direc- 
tion due to a velocity field created by series of 
parallel jets from holes in-line (see text) 
pressure difference ratio = (pw  - p c ) / ( p r  - pc)  
dynamic (molecular) viscosity 
fluid density 
ratio of total injection area to total cylindrical 
surface area 
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Subscripts 

(1 ambient or atmospheric conditions 
value at vortex centerline 
value at radial position of exit hole 
refers to jet or injection 
value at outer edge of vortex core 

e 

reference radius value, position of maximum 
tangential velocity I 
value at cylindrical wall (or edge of free stream 
in the case of tangential velocity) 
value normalized with respect to its value at 
cylindrical wall 

nMz maximum value 
I 

1 * 
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